Rotavirus is a major cause of severe acute gastroenteritis in the infants and young children. The past decade has evidenced the role of intrinsically disordered proteins/regions (IDPs)/(IDPRs) in viral and other diseases. In general, (IDPs)/(IDPRs) are considered as dynamic conformational ensembles that devoid of a specific 3D structure, being associated with various important biological phenomena. Viruses utilize IDPs/IDPRs to survive in harsh environments, to evade the host immune system, and to highjack and manipulate host cellular proteins. The role of IDPs/IDPRs in Rotavirus biology and pathogenicity are not assessed so far, therefore, we have designed this study to deeply look at the penetrance of intrinsic disorder in rotavirus proteome consisting 12 proteins encoded by 11 segments of viral genome. Also, for all human rotaviral proteins, we have deciphered molecular recognition features (MoRFs), which are disorder based binding sites in proteins. Our study shows the wide spread of intrinsic disorder in several rotavirus proteins, primarily the nonstructural proteins NSP3, NSP4, and NSP5 that are involved in viral replication, translation, viroplasm formation and/or maturation. This study may serve as a primer for understanding the role of IDPs/MoRFs in rotavirus biology, design of alternative therapeutic strategies, and development of disorder-based drugs.
Introduction
Diarrheal diseases are a major cause of morbidity and mortality in children aged below 5 years, predominantly in low-income nations [1] . According to WHO reports, diarrheal diseases cause more than 500,000 deaths per year worldwide. Rotaviruses belong to Reoviridae family and are documented as the primary causative agents of acute viral diarrhea in humans, animals, and avian species [2] . Among numerous serotypes of rotavirus, only five, such as G1, G2, G3, G4, and G9, are highly infectious. G3 serotype of rotavirus was highly infectious during 1994-1995 [3] . In 1995-1996, an outbreak of G9 serotype of rotavirus occurred, and this serotype was involved in more than 50% of cases of rotavirus infections during that period. From 1996 to 1999, most of the rotaviral infections were caused by G1 and G2 serotypes, with both serotypes being accountable for nearly 50% infections [3, 4] . Rotavirus is a non-enveloped RNA virus with a complex concentric triplelayered capsid that encloses the genome of 11 segments of double-stranded RNA (dsRNA) [5] . Each RNA segment codes for a single protein but the 11th segment encodes two non-structural proteins (NSP5 and NSP6) from overlapping open reading frames. As a result, the 11 segments of the viral genome encode 12 proteins, which are six non-structural proteins (NSP1, NSP2, NSP3, NSP4, NSP5, and NSP6) and six structural viral proteins (VP1, VP2, VP3, VP4, VP6, and VP7) [5] (Fig. 1) .
The structural proteins of the virion govern cell entry, host specificity, antigenic specificities and enzymatic functions associated with viral genome replication and transcription. The non-structural proteins play vital roles in genome replication and evasion of innate immune response of the host [5] . Cryo-electron microscopy structure (PDB ID: 4V7Q) of rotavirus reveals the architectural organization of the triple-layered concentric capsid that surrounds the segmented RNA genome [6] . The diameter of mature rotavirion, which is characterized by the T = 13 icosahedral symmetry, is~1,000 Å. The outer shell contains multiple copies of two proteins, VP4 & VP7, whereas the intermediate and inner capsids consist of VP6 and VP2, respectively. The outer surface of rotavirus exhibits 120 Å-long 60 spikes composed of VP4. The capsid features 132 aqueous channels with~140 Å in length, spanning two outer capsid layers [7] . During virus entry, a sequence of molecular transformations in the outer layer involving the spike protein VP4 facilitates the internalization of the virus and release of the 'double-layered particle' (DLP) in the cytoplasm with the removal of the outer capsid [6] . Removal of the outer layer results in activation of the transcriptase and initiates synthesis and extrusion of the capped mRNAs into the cytosol [5, 6] .
Although crystallographic structures and functions of most of the rotavirus proteins are known rather well, the intrinsically disordered aspects of these proteins have not been evaluated as of yet. Also, the crystallography provides only the static view of a protein inside crystal packing where disordered regions may undergo disorder to order transitions that ultimately hide the native flexibility and disordered propensity [8] . Therefore, our prime focus is to fill this gap by evaluating the natural content of intrinsic protein disorder inside rotavirus proteome. In general, disordered proteins (which are proteins structural features cannot be determined by the traditional structure determination methods, such as electron cryo-microscopy and X-ray crystallography) are represented by 'Intrinsically Disordered Proteins' (IDPs) and/or proteins containing 'Intrinsically Disordered Protein Regions' (IDPRs) that devoid of specific 3D structure in their native, biologically active forms [9] [10] [11] . IDPs/IDPRs have numerous crucial functions, being involved in the interaction with multiple partners and regulating many cellular processes. Recent studies implicated the direct role of IDPs/IDPRs in various human diseases, such as cancer, amyloidosis, diabetes, cardiovascular diseases, viral diseases, and many more [11] . In general, viruses, due to their limited protein-coding capacity, could gain several functional advantages from IDPs/IDPRs in terms of assembly of replication complexes involving a large number of viral and host proteins and survival in extreme host environments [12] . In recent studies, we have shown the prevalence of IDPs/IDPRs and their functional significance in Zika virus (ZIKV) and Chikungunya virus (CHIKV) [13, 14] , as well as in Hepatitis C virus (HCV) [15] , human immunodeficiency virus-1 (HIV-1) [16] , various human papillomaviruses (HPVs) [17] , respiratory syncytial virus (RSV) [18] , Dengue virus [19] , MERS-CoV [20] , and Alkhurma virus (ALKV) [21] .
IDPs/IDPRs are promiscuous binders in their nature, as they can have numerous interactions with distinct partners at a time, and can form important protein-protein interaction network hubs to control several signaling pathways at the same time [22] . In recent studies, it is reported that several IDPs/IDPRs display disorder-toorder transitions after interaction with their partners [23] . For example, the intrinsically disordered transactivation domain of cMyb attains an a-helical conformation after association with KIX [24] [25] [26] [27] , whereas C-terminal regulatory domain of p53 oncoprotein undergoes transitions from its disordered form into a-helical, b-structural, or two irregular forms with different configurations at binding to Cyclin A, Sirtuin, CBP, and the S100bb dimer [23, 28] . To enable such folding at binding interactions with their partners, many IDPs/IDPRs are equipped with molecular recognition features (MoRFs) [29, 30] , which are short disorder-based binding regions that regulate the functional mechanism under physiological conditions. Generally, viral proteins such as those of Zika, HPV, and Chikungunya virus have a higher frequency of MoRF regions, where MoRFs are identified as important factors in regulating the functional protein-protein interactions, having implications in drug discovery [31] [32] [33] [34] .
In this work, we have examined the prevalence of intrinsic disorder in SA11 rotavirus proteome via multiple predictors and also performed PONDR Ò VSL2-based comparative intrinsic disorder analysis of different rotavirus serotypes (G1, G2, G3, G4, & G9). We have also predicted several MoRF regions in non-structural proteins of SA11 strain. We found a higher percentage of disordered regions in non-structural proteins, suggesting that their IDPRs might be involved in the regulation of assembly of replication complexes and processes and maturation of virus particles. This study could provide the important regions of rotavirus proteome that could be used as improtant targets for designing disordered-based small molecule inhibitors to block virus-host protein interactions for alternate therapy against the viral disease.
Materials and methods
We obtained all the reviewed protein sequences of simian rotavirus strain SA11 from UniProt which is most studied reference strain of rotavirus [35] . It has been widely used for experimental characterization of rotaviral pathogenesis globally [36, 37] . Therefore this strain seems to be most appropriate for the intrinsic disorder MoRF analysis. Furthermore, we have also obtained the reviewed protein sequences of most common human pathogenic rotavirus serotypes from UniProt to examine the comparative penetrance of intrinsic disorder. The list below provides the Uni- Prot IDs for different proteins of these rotaviral serotypes: for G1  serotype, the UniProt IDs for NSP1-VP7 are (B3SRS0, B3SRS2,  B3SRS1, Q9YJN7, B3SRS5, B3SRS6, B1NKR3, B1NKR4, B1NKR5,  B3SRR9, B1NKR6, and P11853 respectively); for G2 serotype, the  UniProt IDs for NSP1-VP7 are (P35423, Q03240, A1YTU9, B3SRT2,  P23048, B3SRT4, A7J3A6, B1NKR8, Q6WNW5, P11196, A7J3A8,  and P11850 respectively); for G3 serotype, the UniProt IDs for  NSP1-VP7 are (B3SRV2, B3SRV4, B3SRV3, B3SRV6, B3SRV7,  B3SRV8, B1NKS9, B1NKT0, B1NKT1, P11195, B1NKT2 , and P11854 respectively); for G4 serotype, the UniProt IDs for NSP1-VP7 are (Q82045, B3SRX0, Q82053, Q82035, B3SRX3, B3SRX4, B1NKT7, B1NKT8, B1NKT9, P11200, B1NKU0, and P10501 respectively); and for G9 serotype, the UniProt IDs for NSP1-VP7 are (B3SRX6, B3SRX8, Q82049, B3SRY0, B3SRY1, B3SRY2, B1NKU1, B1NKU2, B1NKU3, B3SRX5, B1NKU4, and B3SRX9 respectively).
For intrinsically disordered regions (IDPRs) and MoRF analysis, numerous technologically advanced predictors are available, such as IUPred [38] , ANCHOR [39] , MoRFPred [40] , MoRFchibi_web [41] , DisEMBL [42] , GlobPlot [43] , DisoPred [44] , PONDR Ò pool [in-
cluding predictors, such as PONDR Ò VLXT [45] , PONDR Ò VLS2 [46] , and PONDR Ò VL3 [47] , as well as a meta-predictor PONDR Ò FIT [48] , and several others [49] . Critical Assessment of Protein Structure Prediction (CASP) was used to examine the accuracy of several disorder predictors, and several of the software mentioned above were compared using CASP [50] . All the available predictors are developed to identify the presence of intrinsically disordered residues and regions in query proteins, yet they all have diverse perspectives to examine the occurrence of intrinsic disorder. Therefore, it is sensible to use several computational tools to comprehend the abundance of intrinsic disorder in proteins [11] . All the predictors have limited accuracies of the prediction of intrinsic disorder in proteins, and the predictors whose accuracies are above 75% are considered as precise predictors. Characteristically, if the mean disordered score of any protein/region is above the threshold of 0.5, such proteins/regions are considered as IDPs/IDPRs. In addition, the iso-electric point of proteins has also been predicted by putting sequence in ExPasy (ProtParam tool) server [51] . IUPred to analyze the prevalence of intrinsic disorder in rotavirus proteome. A meta-predictor PONDR Ò VL-XT integrates three predictors, the VL1 predictor trained to recognize long IDPRs, the amino-terminus-based predictor (XN), and the carboxylterminus-based predictor (XC) both trained to identify short disordered regions based on the X-ray crystallographic studies [45] . PONDR Ò VSL2 predictor uses a linear support vector machine (SVM) to predict both long and short IDPRs with 81% accuracy [46, 52] . PONDR Ò VL3 is trained for sequence-based predictions of long IDPRs (>30 amino acid residues) by calculating the means of 10 artificial neural networks and choose the final prediction [47] . A meta-predictor PONDR Ò FIT represents a combination of
and TopIDP that gives considerably enhanced precision in the collective as related to its different constituent predictors [48] . For each protein, we used the outputs of these five disorder predictors to calculate the corresponding PPID (predicted percent of intrinsic disorder) values, which correspond to the percent of residues of a query protein that were predicted to be disordered by a given predictor. We also calculated the mean PPID values for query proteins by averaging the outputs of all five predictors. Apart from IDP analysis, we have also performed the MoRF predictions for each protein of SA11 rotavirus strain. In general, MoRFs are the short (5-25 residues) protein binding sites within disordered region sometimes longer also (more than 50 residues) and may have the potential to undergo disorder to order transitions upon interaction with other partners [53] . In our study, four standard MoRF predictors were used as: ANCHOR [39] , MoRFPred [40] , MoRFchibi_web [41] and Disopred [54] . All these predictors utilize different types of algorithms to predict MoRFs, so we have used four predictors to completely characterized these regions in rotavirus proteome. ANCHOR based predictions utilize estimated energy calculations relative to biophysical properties whereas MoRFpred identifies on the basis of sequence alignment and support vector machine (SVM) [39, 40] . Disopred provide disorder region based upon sequence property training sets trained through neural networks [54] . MoRFchibi_web is the most advanced and accurate predictor available; it gives the combined output of MoRFchibi and MoRFDC by following the Bayes rules [55] . Therefore, we have used only MoRFchibi_web-based predictions to map the regions on available crystal structures of rotavirus proteome.
We have also investigated the multiple sequence alignment of G1, G2, G3, G4 and G9 serotypes with the SA11 strain of rotavirus by Clustal Omega, web-based server [56] . All sequences were analyzed on the basis of three annotations which includes, conserved positions, strong polymorphisms and weak polymorphisms. The conserved regions have similar amino acid sequence throughout all strains. The strong polymorphisms are represented by space in the output file, which means substitutions among strongly dissimilar amino acid residues according to PAM 250 matrix. The weak polymorphisms are regions which have conserved residues among similar sequences based on their properties. These are denoted by colon and period symbols based on their scores having a threshold of 0.5 in PAM 250 substitution matrix.
The predicted MoRF regions were also checked for functional annotations by using eukaryotic linear motif (ELM) server [57] which gives the information of short linear motifs (SLiMs) (3-10 residues) within IDPRs having conserved functional sites. These motif sequences provide an interface for functional interaction with other binding partners with low binding affinity. In this study we have predicted functional sites in rotavirus proteins from strain SA11 using ELM (Eukaryotic Linear Motif) server, which constitutes the manually annotated instances (matched sequences) curated from experimental literature [58] .
Results and discussion

Examination of intrinsic disorder status of rotavirus SA11 proteins
Proteins and protein regions that do not possess stable and precise three-dimensional (3D) structures under physiological conditions are known as IDPs/IDPRs. As explained before, during co-crystallization of proteins with their natural partners, interaction with said partners can stimulate binding-induced folding of IDPRs resulting in the appearance of specifically structured conformations, suggesting that the actual content of intrinsic disorder in proteins could be noticeably higher than the quantity projected from the missing electron density. Although the crystal structures of some of the rotavirus proteins are deposited in the Protein Data Bank (PDB), in the absence of complete structural knowledge pertaining to these proteins in solution, the use of computational means represents the best way to detect IDPRs in a given protein, thereby providing an important way of generating crucial information regrading protein structure and fucntion.
Examination of intrinsic disorder in rotavirus structural proteins
RdRp, also known as VP1, is encoded by the gene segment 1 in all rotavirus strains. It is a compact globular protein with a diameter of 70 Å. Its 3D crystallographic structure is known (PDB ID: 2R7Q), containing three domains, such as N-terminal domain (residues 1-332), polymerase domain comprising finger subdomains, palm subdomain, and thumb subdomain (residues 333-778) and a C-terminal domain (residues 779-1089) [59] . A priming loop (residues 557-567), also known as a ''primer grip," situated at the joining site of thumb and palm subdomains, has a flexible structure that interacts with triphosphates during initiation. The catalytic activity of VP1 is enhanced by the interaction between the residue Leu138 of NSP1 protein with NSP2/NSP5 nonstructural proteins under physiological condition [60] . Our analysis revealed that the mean PPID of the RdRp protein is rather low (3.1%) {Table 1}, this protein is having compact globular structure with few predicted MoRFs in its polymerase domain (residues 393-407 and 463-471) that may be responsible for the polymerase activity {Fig. 2.1(a) and Fig. 2 .1(a1)} {Table 2 and Fig. 3 (a)}. Since no MoRFs have been mapped in predicted disordered region (residues 390-404) therefore we have not given the functional annotation of MoRFs through ELM server for VP1 (Table S1 ).
Structural protein VP2
The structural protein VP2, encoded by gene segment 2, forms the innermost capsid of the triple-layered viral shell. This layer encapsidates the VP1 and VP3 structural proteins in the vicinity of the 5-fold axes, covering the viral genome, and RNA processing enzymes [61] . It is not only anchored with VP1, but the 5-fold axes of VP2 are also an indispensable cofactor for the initiation of genome replication [62] . T = 1 symmetry of VP2 is needed for the initiation of the process of dsRNA synthesis [63] . Although the function of the N-terminal region (residues 1-132) is not understood well, this region seems to be important for the activation/ localization of the RNA-dependent RNA polymerase (VP1) and guanylyl transferase-methylase (VP3) into the virion center [64] . Our intrinsic disorder predisposition analysis revealed that the mean PPID of VP2 is 14.2% {Table 1}, indicating that it can be classified as moderately disordered protein. This analysis also showed that the N-terminal region of the VP2 protein is predicted to be completely disordered (residues 1-120) {Fig. 2.1((a)} and also possess MoRF regions predicted by several algorithms {Table 2 and Fig. 3(b) }. For example, MoRFchibi_web has predicted 5 MORF regions. Experimental studies showed that the deletion of first 25 N-terminal residues of VP2 (a region that is predicted by ANCHOR and DISOPRED to contain MoRFs) entirely prevents the Plots signify disorder status of (a) 1,088 residue-long RdRp/VP1 that contains several IDPRs at its N-terminus; (b) 397 residue-long VP6 that possesses several IDPRs at its Nand C-terminal regions; (c) 326 residue-long VP7 is characterized by the presence of an IDPR at its N-tail and several IDPRs within the C-terminal domain. X-ray crystal structres are shown for RdRp protein (PDB ID: 2R7Q) (a1), VP6 protein (PDB ID: 1QHD) (b1), and VP7 protein (PDB ID: 3FMG) is structurally determined in complex with light and heavy chains of Fab of neutralizing antibody 4F8 (c1). The N and C-terminals are denoted in orange and green colors with arrows respectively. Sequence of experimentally determined structure is shown (disordered residues in red color). Some residues are missing in the structures that are shown in plum color in the sequence.
RNA binding activity and incorporation of VP1 and VP3 into viruslike particles (VLPs) [64] . The principal domain of VP2 (residues~100-880) associated with the RdRp polymerase activity also exhibits several IDPRs (residues 100-120, 140-144, and 192-200) {Fig. 2.2((a)}, which have clear functional implications in virus maturation [61] . Also, the MoRFs present in these disordered regions indicates the essential disordered based binding sites are regulating the overall function and also predicted their functional annotations with ELM server (Table S1 ).
Structural protein VP3
Structural protein VP3 is encoded by genome segment 3. It is a multi-functional capping enzyme of 835 amino acids [65] . While the N-terminal region of~690 residues contains domains needed for mRNA capping functions (a variable N-terminal domain, a guanine-N7-methyltransferase (N7-MTase) domain, a ribose-2 0 -O -methyltransferase domain, a guanylyltransferase and RNA 5 0 -triphosphatase (GTPase/RTPase) domain), the C-terminal region of~150 amino acids possesses a 2 0 ,5 0 -phosphodiesterase (PDE) activity that cleaves 2 0 -5 0 -oligoadenylate [66, 67] , thereby preventing RNase L activation [66, 67] . Apart from capping-associated activities, VP3 is also associated with virulence. In its N7-MTase and GTase/RTPase domains, VP3 has some sequence motifs that are conserved among the rotavirus and orbivirus species. The conserved residues in the N7-MTase domain are located in region 134-139, whereas in GTase/RTPase domain, residues from 552 to 555 and Ser527, Arg531, Trp571, His610 are highly conserved [66, 67] . Even though this multifunctional protein has a mean PPID score of 0% {Table 1}, individual predictors, such as PONDR Ò VLXT, PONDR Ò VSL2, and PONDR Ò FIT have predicted short stretches of Table 2 MoRF analysis of all proteins of SA11 rotavirus strain by four different tools. Red numeric values show the MoRF regions that are common between two or more predictors.
*We have shown only the predicted disordered regions of each protein where MoRF residues are lying within that region. Fig. 3 (c)} were observed with functional annotations given by ELM server (Table S1 ) seems important for the functionality of this protein {Fig. 2.2((b)}.
Structural protein VP4
VP4, a non-glycosylated outer capsid spike protein, is encoded by the 4th genome segment. The trypsin-mediated proteolytic cleavage of VP4 into the N-terminal VP8 (molecular weight 28,000 Da) and C-terminal VP5 (molecular weight~60,000 Da) fragments enhance the virus infectivity [68] . The negatively charged VP4 protein comprises several random coils and turns in its N-terminal region [69] . This N-terminal region possesses MoRF forming residue {Table 2 and Fig. 3(d) }. Four conserved cysteine residues; i.e., Cys203, Cys216, Cys318, and Cys380, are present in all the rotavirus strains [70] . Trypsin cleavage at Arg241 and Arg247 yields the receptor binding VP8* fragment and VP5* fragment, that enhances the viral infectivity [70] [71] [72] . The 265-474 region of VP5* possesses membrane permeabilization property and is highly disordered as predicted by all individual predictors {Fig. 2.2((c)} [73, 74] VP4 is known to undergo structural rearrangements during membrane penetration [73] . Overall, VP4 is associated with multiple functions, such as cell surface interaction, neutralization, penetration, virulence, host range, and hemagglutination [73] [74] [75] [76] [77] . VP4 also binds microtubules and actin [78, 79] 
Structural protein VP6
The intermediate capsid protein VP6 is encoded by the sixth gene segment and serves as the major structural protein of the virion [5] . It consists of 397 residues that are highly conserved among group A rotavirus strains. VP6 determines the group and subgroup antigenic specificities of the virus [80] . The protein has a welldefined 3D structure (PDB ID: 1QHD) {Fig. 2.1(b1)} that self assembles into a trimer with two different domains: a b-barrel domain, situated away to the center and a proximal a-helix domain, positioned closer to the center. VP6 plays a critical role in the organization/maturation of the virion by interacting with an assembly of the inner and outer capsid layers, and packaging of the genomic RNA in the inner capsid [7] . The region between amino acids 105 and 328 near the center of the protein mediates Trimerization, and the C-terminal region between residues 251 and 397 mediates association of the protein with VP2 of the single-shelled particle [81] . Antibodies against VP6 inhibit viral mRNA synthesis, suggesting a role for the protein in mRNA synthesis within the DLPs [82] . Though this protein has a crystal structure and a mean PPID value of 0.5% {Table 1}, the N-terminal region is predicted to be intrinsically disordered by the individual predictors, PONDR Ò VLXT (resi- 
Structural protein VP7
VP7 is the second most abundant capsid protein of the virion and is encoded by 9th gene segment of the rotavirus strain SA11. Both VP7 and VP4 are highly immunogenic and induce neutralizing antibodies, and VP7 exhibits several antigenic epitopes [83, 84] . The mean PPID value of this protein is (0%) {Table 1}, and VP7 has a well-defined crystal structure (PDB ID: 3FMG) {Fig. 2.1(c1)} that is enriched in a-helices and b-sheets. VP7 contributes the stability of the VP4 spikes at the outer surface of the virion and in the process of infection [83, 84] . Although it does not show any predicted disordered regions, the crystallographic conformation of VP7 demonstrates that the N-terminal arm (residues 58-78) defines a grip that forms a connection between VP7 and VP6, and this region is disordered in nature [83, 85] . Two of the five predictors {PONDR Ò VLXT (residues 58-71) and PONDR Ò VSL2 (residues 66-73)} suggest that these regions are disordered in nature. The C-terminal region (residues 313-325) of the VP7 protein is also disordered in nature and also has MoRF regions that may associate with the local dyad within its trimer {Table 2 and Fig. 3(f) }. The ELM server has predicted many SLiMs for VP7 and the MoRF residues have been functionally annotated in these SliMs (Table S1 ). The same residues are predicted to be disordered by the individual predictors, PONDR Ò VLXT (residues 317-319), PONDR Ò VSL2 (residues 312-319 and 323-326), and PONDR Ò FIT (residues 313-319 and 323-326). In crystal structure of VP7 (residues 50-330), predicted disorder residues (310-328) are missing and hence are in agreement with our disorder predictions. Experimental studies have suggested a role for the disordered N-and C-terminal domains in the organization and maturation of the virions by undergoing significant conformational changes, where the aqueous interface of inner surface of VP7 allows protein interaction with the outer surface of VP6 by one pair of van der Waals interaction (Pro279 and Thr281 of VP7 interacting with Pro313 of VP6) and one side chain H-bond (Gln305-Asn310) [83] .
3.3. Exploration of the intrinsic disorder status of the rotaviral nonstructural proteins 3.3.1. Non-structural protein NSP1 NSP1 is a non-structural RNA binding protein, encoded by the 5th genome segment. It is a basic protein and the most divergent among the rotaviral proteins. The N-terminal region of 150 residues is relatively more conserved than the rest of the protein and contains three basic regions at residues 10-39, 79-91 and 111-126 and a conserved cysteine-rich motif between residues 42 and 75 that forms a zinc-finger. A second non-conserved Cysrich motif is also present between residues 314 and 327 [86] [87] [88] . Mutant viruses containing the NSP1 gene coding for only the amino-terminal 50 amino acids are able to replicate, suggesting that the region downstream of residue 50 not be essential for virus replication [88] . The partial crystal structure of NSP1 has been determined (PDB ID: 5JER) that has C-terminal stretch (475-500) bound to IRF3 protein {Fig. 4.1(a1)}. Analysis of the complete sequence of NSP1 protein (1-495 residues long) using the five different predictors showed the mean PPID score of 6.7% {Table 1}. (Table S1 ).
Non-structural protein NSP2
NSP2 is encoded by the 8th gene segment in SA11 strain of rotavirus. It is an essential nucleating protein of viroplasms, which function as viral factories, where viral genome replication and assembly of double-layered particles (DLPs) take place [89] . Its interaction with NSP5 leads to viroplasm formation [90] . NSP2 interacts with several host proteins and sequesters them into the viroplasm [91] . It also interacts with tubulin and is associated with the perinuclear localization of the viroplasms [92, 93] . Crystallographic structure (PDB ID: 6CY9) of NSP2 has revealed that it forms a large doughnut-shaped octamer through tail-to-tail tetramer assemblies {Fig. 4.1(b1)} [94] . It possess non-specific sequenceindependent RNA-binding activity and helps in efficient viral mRNA replication in combination with the viral polymerase complex [89, [94] [95] [96] . NSP2 also possesses Mg 2+ -dependent NTPase, helix-unwinding, and NDP kinase activities [96] [97] [98] . Residues (Table S1 ).
Non-structural protein NSP3
The 7th genome segment encodes NSP3 protein [99] . The protein is slightly acidic and binds specifically the conserved tetranucleotide sequence present at the 3 0 end of the rotaviral mRNAs [100] . There is a crystal structure available for NSP3 (PDB ID:1KNZ) {Fig. 4.1(c1)} with a dimerization region (residues 150-206), an eIF4G-binding region (residues 274-313) and an RNA binding domain (residues 83-149) [101] [102] [103] . The RNA-binding domain helps the protein to act as dimer in vivo and is implicated in facilitating viral mRNA translation by competing with and evicting the poly(A)-binding protein (PABP) from eIF4GI and shut-off of host cellular protein synthesis [104] [105] [106] [107] . The overall mean PPID score of NSP3 protein is 17.5% {Table 1} with higher disorder content being found within its dimerization region (residues 150-206), and in the RNA binding domain (residues 83-149) {Fig. 4.1(c)} that are important for the protein function. Also, the residues 150-160 are missing in PDB structure and are predicted to be disordered through mean PPID region {Fig. 4.1(c1)}. The RNA binding domain also comes under MoRF region predicted by ANCHOR {Table 2 and Fig. 5(c) }. Experimental studies have shown that mutations in the flexible region (four amino acid residues, W170A, K171E, R173E, and R187E: K191E) reduced the stable dimer formation and altered the protein stability [107] . In agreement with these observations, disorder prediction analysis has also shown that this is characterized by the enhanced disorder predisposition.
Non-structural protein NSP4
NSP4 (20.26 kDa) is a 175 residue-long glycosylated protein encoded by the 10th genome segment [108] . It is localized to the endoplasmic reticulum (ER) through its N-terminal hydrophobic regions and functions as the ER-anchored receptor for DLPs for their maturation into TLPs in the ER and is essential for the morphogenesis of the virion [108] . It is also localized in other organelles as well as is secreted from the apical surface of the polarized epithelial cells [109] . It is the first identified viral enterotoxin [110, 111] . The flexible C-terminal cytoplasmic region (residues 161-175) of NSP4 binds to VP6 of the DLPs and mediates their entry into the ER lumen where the virus becomes temporarily enveloped [112, 113] and matures into TLP. NSP4 interacts with microtubules and immobilizes the early secretory pathway [114, 115] . The NSP4 protein shows overall 32% mean PPID score {Table 1} with higher levels of disorder in cytoplasmic domain (residues 95-146), enterotoxic peptide region (residues , and the flexible C-terminal region (residues 139-175) {Fig. 4.2(a)}. Although, the region from residue 114 to 135 forms a-helical bundle in crystal structure {Fig. 4.2(a1)}, however it has been predicted to have high disorder propensity based on amino acid composition. This is in line with the known fact that under specific conditions used to promote protein crystallization process, disordered regions tend to form some secondary structure elements [116] . Also, in a study, NSP4 peptides (residue 120-147) has shown disordered type of CD spectra in buffer and undergo significant conformational transitions in membranous environment [117] . The aforementioned disordered regions of NSP4 play a key role in the initiation of diarrhea and binding to DLP [112, 113] . The MoRF region (residues 124-131) resides in the region that is responsible for many functions such as residue 112-148 utilized as the VP4 binding domain residues 112-140 for Caveolin binding, and residues 112-135 used for Ca +2 binding and enterotoxin domain {Table 2 and Fig. 5(d) }. Functional annotations with predicted SliMs have also been shown in supplementary file (Table S1 ). Amino acid substitution mutations P168A, Y166S, and M175I in the unstructured C-terminus of NSP4 lead to the complete loss of interaction of the protein with DLPs [113] . This multifunctional protein is pleiotropic in nature because of the oligomeric state combined with high conformational dynamics of the disordered cytoplasmic domain of the protein as evident from the calcium-lacking pentameric (PDB ID: 1G1J & 2O1K) [118, 119] and the calcium-containing tetrameric (PDB ID: 2O1J) [120] [121] [122] coiled-coil structures of the diarrhea-inducing region from ST3, and SA11 and I321 strains of rotavirus, respectively. NSP4 has a cholesterol recognition amino acid consensus sequence (CRAC), which is predicted to be a completely disordered region and it interacts with cholesterol and caveolin, leading to its localization to the plasma membrane [123] .
Non-structural protein NSP5
The 11th gene segment encodes NSP5 protein (21.70 kDa) [124] . It undergoes O-linked glycosylation [125] and phosphorylation [126, 127] , and interaction with NSP2 leads to the hyperphosphorylation of NSP5 [90, 128] . NSP5 is crucial for viroplasm formation and recruitment of other viral proteins [129] . Both the N-terminal (residues 1-33) and C-terminal (residues regions of the NSP5 are important for interaction with NSP2, viroplasm formation, and virus replication [130] . NSP5 protein of rotavirus has the highest intrinsic disorder level among all the rotaviral proteins with mean PPID of 84.3% {Table 1}. {Fig. 4.2(b)} shows that NSP5 is predicted to have long IDPRs in its N-terminal region, and within the C-terminal domain that contains the C X C motif (C171 and C174) responsible for the iron-sulfur cluster organization. There are various MoRF regions present in NSP5 protein of rotavirus SA11 and other strains that are involved in the functionality of potential protein kinase C phosphorylation sites (S-X-R/K-R/K-X-X-S and K/R-X-S) at serine residues 22, 30, 75, 100, and 136 [131] {Table 2 and Fig. 5(e) }. There are also serine residues at positions 56, 154, and 165 that are potential substrates of casein kinase II (S-X-X-D/E) {Table 2 and Fig. 5 (e)}. Phosphorylation of Ser-67 within the SDSAS motif (amino acids 63-67) was required to trigger hyperphosphorylation by promoting the activation function, and mutation of all three Sers of motif a (Ser-63, Ser-65, and Ser-67) completely abolished activation function [132] {Table 2 and Fig. 5(e) }. Recent studies demonstrated cytoplasmic relocalization of several nuclear hnRNPs (heterogeneous nuclear ribonucleoproteins), and ARE-BPs (AU-rich element-binding proteins) during rotavirus infection, influencing viral gene expression/replication and progeny virus production [91] . Rotavirus was also demonstrated to induce atypical stress granules and P-bodies during infection [133] . These studies further demonstrated that majority of the relocalized nuclear proteins, some cytoplasmic proteins, as well as the atypical stress granules and P-bodies formed during rotavirus infection are sequestered in the viroplasms largely through the interaction of the host proteins with NSP2 and/or NSP5 in the viroplasm [91, 133] . Intrinsic disorder appears to be critical for the multifunctionality of NSP5. The presence of high intrinsic disorder level in NSP5 protein is expected based on the peculiarities of its genetic makeup. In fact, viruses have evolved a complex genetic organization for optimal use of their limited genomes and production of all necessary structural and regulatory proteins, including rather frequent utilization of overlapping open reading frames [12, 16, 134, 135] . It has been shown that proteins or protein fragments corresponding to overlapping genes are either disordered or possess complementary disorder distribution, where if a protein encoded by one ORF is ordered, then the protein encoded by the overlapped ORF will have high levels of intrinsic disorder [12, 16, 134, 135] .
3.3.6. Non-structural protein NSP6 NSP6 (11.01 kDa) is another viral protein produced from an overlapping open reading frame (ORF) formed by the gene duplication of segment 11 [136] . Interestingly, the NSP6 proteins has varying length of amino acid residues in different rotavirus strains such as SA11 has NSP6 with 92 amino acid residues where in some strains NSP6 is truncated with less than 40 residues (G1, G3 and G9) [137] . In comparison to other non-structural proteins, NSP6 is expressed at a very low level and is observed to be unstable [138] . It binds DNA and RNA in a sequence-independent manner with equal affinity. The first 20 residues at the N-terminal region are essential for mitochondrial targeting and altering the mitochondrial function during rotavirus infection [139] . NSP6 is localized to viroplasm after phosphorylation and regulates selfassociation of NSP5 [138] . The protein is only slightly disordered in nature and has the mean PPID score of 4.3% {Table 1}. {Fig. 4.2 (c)} demonstrates that NSP6 has two short, terminally-located IDPRs. The N-terminal disordered region (residues 1-6) also has MoRF forming residues (1-20) are essential for mitochondrial targeting and alter the mitochondrial function during rotavirus infection {Table 2 and Fig. 5(f) }. Recent reverse genetics experiments demonstrated that NSP6 is not essential for rotavirus replication in the cell culture [140] .
Comparative analysis of intrinsic disorder status in proteins from different rotavirus serotypes
There are multiple different serotypes of rotavirus that cause the rotaviral infections worldwide, with the most causative serotypes being G1, G2, G3, G4, and G9, which are collectively responsible for more than 95% of rotavirus infections. The infection rate of these serotypes mainly dependent on the geography and temporal regions of the rotavirus (as shown in Table 3 ) [4] .
To evaluate if there are noticeable differences in the intrinsic disorder predisposition of rotaviral proteins from different serotypes of this virus, we conducted a computational analysis of structural and non-structural proteins from the retrovirus serotypes G1, G2, G3, G4, and G9. This comparative analysis supported the occurrence of a higher percentage of disordered regions in nonstructural proteins and the presence of short IDPRs in structural proteins {Figs. 6-8}. Although viral proteins from these serotypes have shown similar intrinsic disordered patterns as those examined in the SA11 reference strain, there also were some important differences. For example, the G2 serotype was characterized by slightly higher protein disorder percentage among all five serotypes, with the largest difference being observed for NSP2, NSP3, NSP4, NSP5, VP1, and VP6 of SA11 strain (see {Figs. 2.1, 2.2 and 4.1, 4.2}).
Conclusion
The functional mechanisms of some of the rotaviral proteins are known, but not completely deciphered because of the nonavailability of complete structural information. The main objective of this analysis is to fill the gap to some extent by providing the data on the prevalence of intrinsic disorder in the form of intrinsically disordered proteins/regions (IDPs/IDPRs) in the rotavirus proteome. Based on several computational and experimental studies, it is evident that IDPRs or IDPs and MoRFs are crucial for viral repli- PPID scores for all proteins of rotavirus are specified on the y-axis. Results for proteins from G1, G2, G3, G4, and G5 serotypes are shown by red, blue, magenta, olive, and wine color bars, respectively. Corresponding results for the SA11 reference strain are shown by black bars. Fig. 7 . Comparative analysis of the intrinsically disorder predisposition of the non-structural rotaviral proteins from 5 different serotypes of human rotavirus (G1, G2, G3, G4, and G9) with reference strain SA11. PONDR Ò VSL2 predictor was utilized in this study. The PONDR Ò VSL2-based disorder profiles of non-structural proteins from each serotype (G1, G2, G3, G4, and G9) are represented by red, blue, magenta, olive, and wine colors, respectively. Black curves show corresponding results for the proteins from the SA11 reference strain. Plots represent corresponding per-residue disorder propensities for (a) NSP1, (b) NSP2, (c) NSP3 (d) NSP4, (e) NSP5, and (f) NSP6. The NSP6 protein found to be truncated in G1, G3 and G9 serotypes having residue length less than 40 amino acids. cation and pathogenesis. Intrinsic disorder is also known to confer flexible conformations to viral proteins, as well as provide important mechanistic means for their binding promiscuity; i.e., their ability to be engaged in interactions with many viral and host proteins, as demonstrated for rotaviral NSP2 and NSP5 within the viroplasm [91, 133] and for proteins of many other viruses [141] , leading to the subversion/hijacking of host cellular processes, including the protein synthesis machinery and nuclear transport to promote virus propagation [142, 143] . To compensate for the lack of the detailed information on the dark side of the rotaviral proteome, by employing several computational tools, here we show that rotavirus (the reference strain (SA11) and all five serotypes (G1, G2, G3, G4, and G9) analyzed in this study) contains several short and a few long IDPR in many structural and nonstructural proteins, with NSP5 being expected to be disordered as a whole. Comparatively to other rotaviral proteins, NSP4 and NSP5 showed highest levels of intrinsic disorder that appear to be crucial for their multi-faceted functions. Also, the presence of multiple MoRFs predominantly in NSP5 indicates the functional importance of this protein for the rotavirus life cycle. Therefore, this study suggests that by virtue of its presence, intrinsic disorder (in the form of IDPRs with various length, or in the form of total disorder of NSP5) provides significant conformational plasticity and functional diversity to the rotaviral proteins and contributes to the assorted biological functions involving communication with various host proteins and protein-protein interactions within the virus. A well-known functional mechanism adopted by disordered proteins is disorder-to-order transitions upon binding to a partner that could be disrupted by small molecules. A new approach for drug design based on the concept of ligand-mediated disorderto-order transition is slowly growing traction over traditional structure-based drug screening studies. Recent studies on the identification of small molecules that inhibit viroplasm formation by targeting protein-protein interactions [144] in this supramolecular rotavirus replication organelle could form the basis for the drug discovery based on the disordered regions of NSP2 and NSP5 that are essential for nucleation of viroplasm and recruitment of a large number of viral and host proteins into the viroplasm [91, 133] . Since high mutation rate among RNA viruses is the leading cause of vaccine failure, targeting disordered regions with small molecules for inhibiting either binding to their partners or preventing their conformational transition may provide a potential alternate therapeutic approach. We believe that understanding the penetrance of the IDPs/IDPRs in in rotavirus proteome would provide a new direction to decipher the mechanisms of virus pathogenesis, morphogenesis, virus survival, and drug discovery.
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